Abstract: ACh-induced membrane responses in vascular endothelial cells that have been reported vary between preparations from a sustained hyperpolarization to a transient hyperpolarization followed by a depolarization; the reason for this variation is unknown. Using the perforated whole-cell clamp technique, we investigated ACh-induced membrane currents in freshly isolated endothelial layers having a resting membrane potential of less negative than -10 mV. A group of cells was electrically isolated using a wide-bore micropipette, and their membrane potential was well controlled. ACh activated K + and Cl -currents simultaneously. The K + current was blocked by a combination of charybdotoxin and apamin and appears to result from the opening of IK Ca and SK Ca channels. The Cl -current was partially blocked by tamoxifen, niflumic acid, or DIDS and appears to be produced by Ca 2+ -activated Cl -channels. When the pipettes contained 20 mM Cl -, the ACh-induced K + conductance started decreasing during a 1-min application of ACh while the Cl -conductance continued, making the ACh-induced hyperpolarization sustained. When the pipettes contained 150 mM Cl -, both conductances started decreasing during a 1-min application of ACh, making the ACh-induced hyperpolarization small and transient. [Cl -] i is very likely modified by experimental procedures such as the cell isolation and the intracellular dialysis with the pipette solution. Such a variability in [Cl -] i may be one of the reasons for the variations in the ACh-induced membrane response.
In vascular endothelial cells, vasoactive substances such as ACh increase the intracellular concentration of calcium ions, [Ca 2+ ] i , and hyperpolarize the membrane through the opening of charybdotoxin-sensitive intermediate-conductance Ca 2+ -activated K + channels (IK Ca ) and apamin-sensitive small-conductance Ca 2+ -activated K + channels (SK Ca ) [1] [2] [3] [4] [5] [6] [7] [8] . The hyperpolarization conducts electrotonically to the smooth muscle cells [4] , and the vessel dilates [9] . This is one of the explanations for the phenomenon caused by an endothelium-derived hyperpolarizing factor (EDHF) over which controversy still remains (see [10, 11] for reviews).
Agonist-induced membrane responses in vascular endothelial cells are complex and vary greatly between preparations. Bradykinin or ATP induces a sustained hyperpolarization in the cultured bovine aortic endothelium when the resting potential is less negative and a transient hyperpolarization followed by a depolarization when it is more negative [12] . In the intact endothelium of rat aorta with the smooth muscle layers attached, ACh-induced membrane responses vary between preparations, but in most preparations a biphasic response, a transient hyperpolarization followed by a depolarization, is detected [13] . ACh produces a sustained hyperpolarization followed by a transient depolarization during the washout process in the guinea pig mesenteric arterioles [4, 14] . In the endothelial cells of rabbit aortic valve, ACh produces a transient hyperpolarization that is followed by a sustained membrane hyperpolarization; a withdrawal of ACh evokes a transient depolarization [15] . The ionic mechanisms underlying the membrane depolarization have not been studied extensively. A chloride conductance such as Ca 2+ -activated Cl -channels found in cultured bovine pulmonary artery endothelial cells (Cl Ca , [16] ) may be involved in the membrane depolarization. However, the reason why the agonist-induced membrane response varies between preparations is still unknown.
Most of the electrophysiological studies in endothelial cells have been carried out using cultured cells. However, endothelial cells undergo substantial changes when held in culture, depending on the substance to which the cells are attached, the composition of the culture medium, and other factors [17] . On the other hand, freshly isolated single endothelial cells may be damaged partially during the isolation process. In the present experiments, we investigated the ionic mechanisms underlying ACh-induced membrane responses in freshly isolated endothelial layer, where the endothelial cells maintained their cobblestone alignment and electrical communication with neighboring endothelial cells, yet communication with the smooth muscle layers was abolished. Our results indicate that a variability in [Cl -] i produced by experimental procedures such as the cell isolation and the intracellular dialysis with the pipette solution may be one of the reasons for the variations in the ACh-induced membrane response that have been reported.
METHODS

Preparations.
Male guinea pigs, weighing 200-360 g, were anesthetized by sevoflurane inhalation and killed with an animal guillotine. The animals were treated ethically according to the rules of the Laboratory Animal Care and Use Committee of Nagoya City University Graduate School of Medical Sciences. Second or third order branches of mesenteric arteries (diameter 300-400 µm) were dissected out from the mesenteric vasculature of the jejunoileal region. A segment of artery was incubated in collagenase solution [nominally Ca 2+ -free physiological saline containing 0.5 mg/ml collagenase (Wako Pure Chemical Industries, Ltd., Osaka, Japan) and 1 mg/ml trypsin inhibitor (Sigma)] for 30 min at 37°C, and the adventitial and smooth muscle layers were then removed mechanically, leaving the endothelial layer surrounded by the internal elastic lamina. The isolated endothelial layer was cut open and placed in a small chamber with the luminal surface upward, then superfused with preheated (30°C) and aerated (100% O 2 ) bath solution at a constant rate (1 ml/min). The dimension of typical preparation was about 2.5 mm long and 0.8 mm wide. Small sections of the endothelial layer were isolated using a wide-bore micropipette (tip diameter, 130-150 µm; see RESULTS).
Electrophysiological Techniques. A patch electrode was applied to one of the endothelial cells, and perforated whole-cell clamp experiments using amphotericin B were performed [18] . This compound forms pores in the patch membrane, enabling the flow of monovalent ions. Thus it is possible to control the membrane potential and the intracellular concentrations of monovalent ions. The electric recordings were started at least 10 min after the establishment of the whole-cell clamp condition where the access resistance (series resistance) was lower than 10 MΩ. The experiments were aborted when the patch membrane ruptured spontaneously, which was easily detected as the membrane gradually hyperpolarized. This was possibly caused by channels activated by Ca 2+ entering the cell from the pipette solution, which contained trace amounts of Ca 2+ as a contamination. In some experiments a second electrode was applied to a nearby cell to monitor the membrane potential and to evaluate how effectively the preparation was space clamped. Current and voltage signals were acquired using a MultiClamp 700A system (Axon Instruments, Foster City, CA, USA). These signals were digitized with a Digidata 1322A data acquisition system (Axon Instruments). The sampling rate was always five times higher than the cutoff frequency (-3 dB) of a low-pass Bessel filter. Voltage clamp protocols were controlled with pCLAMP 9 software (Axon Instruments). In the voltage clamp experiments, the fast component of the capacitive current and 80% of the series resistance were routinely compensated. When ACh was applied successively, the interval between applications was maintained to be at least 10 min.
Solutions and Chemicals. The composition of the standard bath solution was (mM) NaCl, 146; KCl, 5.4; CaCl 2 , 1.8; MgCl 2 , 1; HEPES, 10; glucose, 5. The pH was adjusted to 7.3 using NaOH. The standard pipette solution contained KCl, 20 mM; K-aspartate, 130 mM; HEPES, 10 mM; amphotericin B, 0.25 mg/ml. The pH was adjusted to 7.3 using KOH. The high-Cl -pipette solution contained KCl, 150 mM; HEPES, 10 mM; amphotericin B, 0.25 mg/ ml. The pH was adjusted to 7.3 using KOH. ACh, 4,4'-diisothiocyanato-stilbene-2,2'-disulfonic acid (DIDS), tamoxifen, niflumic acid, and amphotericin B were obtained from Sigma (St. Louis, MO, USA), O,O'-Bis(2-aminophenyl)ethyleneglycol-N,N,N',N'-tetraacetic acid, tetraacetoxymethyl ester (BAPTA-AM) from Dojindo Laboratories (Kumamoto, Japan), and charybdotoxin (ChTX) and apamin from Peptide Institute, Inc. (Osaka, Japan).
Statistics. Numerical data are represented as the mean ± SD, with n indicating the number of measurements. For statistical evaluation, a P value <0.05 was considered significant.
RESULTS
Isolation of a small number of endothelial cells
The preparations used in the present experiments were sheets of freshly isolated endothelium, which consisted of thousands of electrically coupled endothelial cells. The preparation contained the internal elastic lamina, and individual cells could not be clearly distinguished under the microscope (Fig. 1Aa) . The perforated whole-cell clamp method was applied to one of the endothelial cells in the current clamp mode. When a current of 1 nA was injected into an endothelial cell, the amplitude of electrotonic potential recorded from the cell was a few millivolts (Fig.  1Ba) . The average input resistance was 3.8 ± 0.6 MΩ (n = 6). The falling phase of electrotonic potential was complex, and two or more exponential functions were required to fit it (Fig. 1Bc) , indicating that the whole prepa-ration was not isopotential. Thus it was necessary to reduce the number of cells involved for accurate voltage clamp experiments. To isolate a small number of cells electrically, a wide-bore micropipette (tip diameter, 130-150 µm) was pressed down against the preparation and then pulled up. This destroyed a ring of cells, leaving a small number of intact cells inside. The circular silhouette seen in Fig. 1Ab was the footprint of the wide-bore micropipette, which had been pressed down against the preparation and then removed. When a current of 100 pA was injected into one of the endothelial cells within such a ring, the amplitude of electrotonic potential recorded from the cell was about 10 mV (Fig. 1Bb) . The average input resistance was 93.5 ± 33.4 MΩ (n = 7), which was much higher than that in the whole preparation. The falling phase of electrotonic potential was simple and could be well fitted with a single exponential function (Fig. 1Bc) , indicating that the electrical resistances between endothelial cells were negligibly small compared to the membrane resistance of each cell and that the cells within the ring were isopotential [19] . The average membrane time constant was 50.3 ± 13.7 ms (n = 7). From these results, we concluded that the wide-bore micropipette successfully isolated a small number of cells, the membrane potential of which could be well controlled in the voltage clamp experiments. All the data presented hereafter were acquired from the cells isolated by the wide-bore micropipettes.
Because endothelial cells are oriented parallel to the longitudinal axis of the vessel, electric currents would encounter more intercellular junctions when they spread a given distance through the endothelial layer in the circumferential direction than in the longitudinal direction. To check the isopotential nature within the isolated group of cells, the perforated whole-cell clamp method in the current clamp mode was applied to two cells separated by about 70 µm circumferentially. A current of 200 pA injected into one of the electrodes produced electrotonic potentials of 12.2 mV in the injected cell and of 11.4 mV in the distant cell (Fig. 1C) . On average, the electrotonic potential was reduced by only 11 ± 6% (n = 6) when measured 70 µm circumferentially from the current source, again suggesting that the preparations could be treated as being isopotential.
A voltage error induced by the liquid junction potential was also assessed in the experiments, using two electrodes as shown in Fig. 1C . One electrode contained the standard Fig. 1 . Isolation of a small number of endothelial cells using a widebore micropipette. A: Phase-contrast micrographs of the preparations. The preparation contained the internal elastic lamina, which made the image obscure, and individual cells could not be clearly distinguished (a). The clear image of a blood cell (arrowhead) indicates that the surface of endothelium is in focus. In another preparation, a wide-bore micropipette, tip diameter 140 µm, was pressed down against the preparation and removed (b). Along the circular silhouette many round images were detected, one of which is pointed out by an arrowhead. These were rarely seen in fresh preparations before the micropipette was pressed down and may indicate nuclei of damaged cells. B: Electrotonic potentials (V) induced by current injections (I) recorded in a current clamp mode of the perforated whole-cell configuration using the standard pipette solution in an intact sheet (a) and after isolating a group of cells with a wide-bore micropipette pipette solution (20 mM Cl -) with 0.25 mg/ml of amphotericin B. The other electrode contained the high-Cl -pipette solution with a tenth of amphotericin B. Because the access resistance was much higher in the second electrode, the intracellular ionic condition was mainly determined by the first electrode. The resting membrane potential measured by the first electrode was +2.7 mV and that by the second one -6.1 mV (Fig. 1C) ; on average the voltage measured by using the standard pipette solution was 7.3 ± 0.8 mV (n = 6) more positive than that determined by using the high-Cl -pipette solution. As described in the later section, the putative Cl -current reversed at 0 mV under the symmetrical Cl -condition produced by the highCl -pipette solution, suggesting that the voltage error was negligible when the high-Cl -pipette solution was used. Given that individual cells appear to be isopotential, all membrane potentials measured using the standard pipette solution were reduced by 7.3 mV to give a corrected resting membrane potential of -9.5 ± 2.2 mV (n = 99) with the standard pipette solution and -2.0 ± 1.5 mV (n = 42) with the high-Cl -pipette solution. Having such unpolarized membranes, however, these cells seemed to be healthy because they produce large hyperpolarizations in response to a low concentration (0.5 µM) of ACh, as shown later.
Effect of [Cl -] i on ACh-induced hyperpolarization
Davis et al. [20] [14, 21] . To ensure that [Cl -] i had reached a constant value in all cells, we started electric recordings at least 10 min after the establishment of the whole-cell clamp condition. A 10-min incubation allowed ACh to elicit reproducible currents in the preliminary experiments. ACh-induced hyperpolarization, the ionic currents responsible for the ACh-induced responses were investigated in the voltage clamp experiments.
Voltage control of the multicellular preparation using a patch electrode
The voltage control of the multicellular preparation was evaluated by using two patch electrodes containing standard pipette solutions, one for the voltage control and the other for a direct measure of membrane potential (Fig.  3) . Although the membrane current and the membrane potential were recorded from different cells, the cells were well coupled together with the abundant gap junctions [14] . The holding potential was set at -7.3 mV with the standard pipette solution and at 0 mV with the high-Clone throughout the present experiments. The decay pro- Fig. 3 . Voltage control of the multicellular preparation using a patch pipette. In voltage clamp mode, the membrane current of an endothelial cell in an isolated section of endothelial layer and the membrane potential of the adjacent cell were recorded simultaneously. The distance between the electrodes was about 30 µm along the long axis of the vessel. The pipette solution was the standard one. A: Responses of the membrane current (I) and the membrane potential (V) induced by a 10 mV voltage step from the holding potential of -7.3 mV (the broken trace in V). In I and V, the thick traces were obtained before and the thin traces after the fast component of the capacitive current and 80% of the series resistance were compensated. B: The ramp protocol used in the present experiments. From the holding potential of -7.3 mV the voltage was stepped to +27.9 mV. After that level was kept for 160 ms, it was gradually decreased toward -107.3 mV over a period of 1.04 s. To obtain the I-V relationship of the membrane current, the current response to the voltage range from +22.7 to -107.3 mV (the thick part in the trace) was used. C: The actual membrane potential change during the ramp protocol from +22.7 to -107.3 mV. The broken line represents y = x. D: The I-V relationship of the resting membrane current. Because the actual membrane potential was available in this experiment, it was used instead of the protocol potential to plot the I-V relationship. cess of the capacitive current induced by a 10-mV voltage step consisted of multiple exponential components, indicating that although the electrical resistances between endothelial cells were negligibly small compared to the membrane resistance of each cell, as mentioned previously, they were not negligible compared to the access resistance of the electrode. Thus only the fast component of the capacitive current and 80% of the series resistance were routinely compensated in the present experiments resulting in a good control of the membrane potential (Fig. 3A) . To minimize the residual capacitive current, a ramp protocol shown in Fig. 3B was employed instead of the voltage steps, and the current-voltage relationship of the ACh-induced current between -107.3 and +22.7 mV was analyzed. When this 130 mV ramp pulse was applied under the control condition, the membrane potential change, determined by the second pipette was 120.4 mV (from +20.4 to -100 mV, Fig. 3C ). Because the error was less than 10%, the membrane potential was considered to be well controlled. In the experiments where membrane potential was measured with the second electrode, the measured potential was used instead of the protocol potential to determine the I-V relationship (Figs. 3 and 4) . The I-V relationship of the resting current was linear except for a slight inward rectification at potentials more negative than -80 mV, and the reversal potential was less negative than -10 mV (Fig. 3D) . Not shown in the figure is that the resting current was unaffected by either a combination of ChTX and apamin or Cl -channel blockers (tamoxifen, niflumic acid, and DIDS), and most of the resting current seemed to be due to current flow through nonselective cation channels (NSCC, see [22] for a review). Because the variation in [Cl -] i slightly affected the resting membrane potential, some Cl -conductances might also contribute to the resting current. In a separate series of experiments, inward rectification observed at negative potentials was found to be abolished by Ba 2+ (100 µM), suggesting that these cells possessed inwardly rectifying K + channels, as described by many investigators (for example, see [23] ).
Characteristics of ACh-induced membrane current
When ACh (0.5 µM) was applied while the membrane potential was clamped at -7.3 mV and the actual membrane potential was monitored using the second electrode, an outward current was induced, as shown in Fig. 4A . Because the increased membrane current would introduce additional voltage error resulting from the uncompensated series resistance, control in the voltage was again evaluated in the presence of ACh. Under the voltage clamp condition, the actual voltage change caused by ACh was a few millivolts, about 10% of the expected hyperpolarization in the unclamped condition (small open circles in Fig.  4A ). When a ramp of 130 mV (from +22.7 to -107.3 mV) was applied in the presence of ACh, the actual membrane potential changed by 112.8 mV (from +14.5 to -98.3 mV, Fig. 4B ). The membrane potential was still considered to be well controlled because the error was less than 15%. ACh-induced currents contained small fluctuations, as shown in Fig. 4A , and larger fluctuations were observed immediately after application of the ramp protocol; the large deflections induced by the ramp were erased, leaving gaps in the trace for clarity. An application of the ramp appeared to synchronize the individual small fluctuations, but this phenomenon was not investigated further. The I-V relationship of the ACh-induced current was nearly linear, and the reversal potential was around -60 mV (Fig.  4C) . If [K + ] i were the same as in the pipette (150 mM), the calculated equilibrium potential of K + (E K ) would be -87 mV at 30°C. Since the reversal potential is some 30 mV more positive than the expected E K , the ACh-induced current is unlikely to be a pure K + current.
Effect of BAPTA-AM on ACh-induced current in the standard [Cl -] i condition
To examine whether the ACh-induced currents contained any other components than Ca 2+ -dependent ones, we clamped [Ca 2+ ] i at a very low value using BAPTA-AM. In the 8 preparations examined, the ACh-induced current was completely abolished in one preparation and greatly suppressed in the remaining 7; an example is shown in Fig. 5 . In this experiment, after 35 min incubation in a solution containing BAPTA-AM (50 M), ACh continued to evoke a small and transient current. The effects of BAPTA-AM could not be reversed with up to 30 min washing with drug-free solution. The I-V relationship of the residual current was qualitatively the same as that of the control current (Fig. 5B) , suggesting that the residual current was unlikely to be a Ca 2+ -independent current, but rather that it resulted from a failure to lower [Ca 2+ ] i to below threshold for channel activation. The ACh-induced increase in the [Ca 2+ ] i is maintained by an influx via a pathway sensitive to divalent cations such as Ni 2+ , Mn 2+ , and Co 2+ [15, 24, 25] , and one of the candidates for such a pathway is calcium release-activated Ca 2+ conductance [26] . Although the current resulting from such conductance should be activated by ACh even in the presence of BAPTA-AM [26] , the ACh-induced current seemed to be totally dependent on changes in [Ca 2+ ] i in the present experiments. ACh-activated Ca 2+ -independent currents, if any, would be negligibly small compared to the Ca 2+ -activated ones.
Effects of ChTX and apamin on ACh-induced current
To isolate the non-K + component of the ACh-induced current, the IK Ca and SK Ca channels were blocked by a combination of ChTX and apamin in the standard [Cl -] i condition (10 -7 M each, Fig. 6 ). In this experiment, ACh induced an outward current at -7.3 mV, the I-V relationship of which showed a slight outward rectification and a reversal potential of about -50 mV. In the presence of two kinds of toxins, ACh still induced an outward current with smaller amplitude at -7.3 mV. In the I-V relationship of the toxin-resistant current, outward rectification was more prominent, and the reversal potential was about -30 mV (Fig. 6Ba) . The effect was partially reversed 10 min after a washout of the toxins. The reversal potentials of the AChinduced currents varied between preparations, and they tended to move in the positive direction during the application of ACh in both the absence and presence of the toxins (Fig. 6Bb) . The change of the reversal potential might represent a decrease in [K + ] i and an increase in [Cl -] i induced by the channel activities during the ACh stimulation.
The non-K + component of the ACh-induced current was also isolated in the increased [Cl -] i condition (Fig. 7) . In this condition, the ACh-induced outward current at 0 mV started decreasing while ACh was still present. The I-V relationship of the ACh-induced current showed a slight outward rectification. The reversal potential was about -20 mV. After blocking IK Ca and SK Ca channels by the combination of ChTX and apamin, ACh failed to induce a 5 µM) was applied during the periods indicated by the boxes before the application of (a), after 35 min incubation in (b), and 34 min after the washout of (c) BAPTA-AM (50 µM). The pipette contained standard solution, and the holding potential was -7.3 mV throughout. The ramp protocol was applied in every 10 s at times indicated by squares. The large deflections induced by the ramp protocol were erased, leaving gaps in these traces for clarity. B: The I-V relationships of ACh-induced currents. The thick curve is the control, the thin curve in the presence of BAPTA-AM. The broken curve was drawn by amplifying the thin curve by the factor of 4. The times at which these I-V relationships were obtained are indicated by the open squares in A. Fig. 6 . The effects of ChTX and apamin on ACh-induced current in the standard [Cl -] i condition. A: ACh (0.5 µM) was applied during the periods indicated by the boxes before the application of (a), in the presence of (b), and 10 min after a washout of (c) ChTX and apamin (10 -7 M each). The pipette contained standard solution, and the holding potential was -7.3 mV throughout. The ramp protocol was applied every 10 s at times indicated by squares. The large deflections induced by the ramp protocol were erased for clarity. Ba: The I-V relationships of AChinduced currents. The thick curve is the control, the thin curve in the presence of the toxins, and the broken curve the recovery. The times at which these I-V relationships were obtained are indicated by the open squares in A. Bb: The reversal potentials of ACh-induced currents in the absence (solid circles) and presence of ChTX and apamin (open circles). Data points represent the means and SDs (n = 7). The period of ACh application is shaded. noticeable current at 0 mV (Fig. 7Ab) . In the I-V relationship, however, ACh was found to induce a current, and the reversal potential was about 0 mV, which was close to the expected equilibrium potential of Cl -(E Cl ) in the increased [Cl -] i condition (Fig. 7Ba) . In the control condition, the reversal potentials of the ACh-induced currents varied between preparations, and they again tended to move in the positive direction during the application of ACh. After blocking the K + channels, the reversal potentials were much less variable, staying around 0 mV (Fig.  7Bb) . The non-K + component of the ACh-induced current seemed to be Ca 2+ -activated Cl -current.
Effects of Cl -channel blockers on the ACh-induced currents
We then tried to determine if the non-K + component of A: ACh (0.5 µM) was applied during the periods indicated by the boxes before the application of (a), in the presence of (b), and 10 min after the washout of (c) ChTX and apamin (10 -7 M each). The pipette contained high-Clsolution, and the holding potential was 0 mV throughout. The ramp protocol was applied in every 10 s at times indicated by squares. The large deflections induced by the ramp protocol were erased, leaving gaps in these traces for clarity. Ba: The I-V relationships of ACh-induced currents. The thick curve is the control, the thin curve in the presence of the toxins, and the broken curve the recovery. the ACh-induced current was due to the Cl Ca , using pharmacological agents. The blockers for the Cl Ca used were tamoxifen (100 µM, in 2 preparations), niflumic acid (50 and 100 µM, in 4), and DIDS (100 and 200 µM, in 28). The ACh-induced currents were partially inhibited by these blockers; examples are shown in Fig. 8 . In the presence of the blockers, the reversal potentials of the residual AChinduced currents, which were expected to be mostly K + currents, all shifted in a negative direction. Because the magnitude of this effect varied between preparations, data obtained using these Cl --channel blockers were not analyzed quantitatively.
Time-dependent changes in ACh-induced K + and Cl -conductances
Time-dependent changes of ACh-induced K + and Clconductances (g K and g Cl ) were evaluated (Fig. 9) . Because the K + current is minimum at around E K and the Clcurrent at E Cl , the current amplitudes at E K and E Cl represent g Cl and g K , respectively. For E Cl we used average reversal potentials in the presence of ChTX and apamin (-30 mV with the standard pipette solution and 0 mV with the high-Cl -pipette solution). On the other hand, data obtained using the Cl --channel blockers were not analyzed quantitatively as mentioned above, and E K could not be estimated from such experiments. Thus we examined a possible range of E K between -60 and -87 mV, which corresponds to a wide variation (54-150 mM) in [K + ] i calculated from the Nernst equation at 30°C. Despite the variation in [K + ] i , we found that the results were more or less the same, as shown in Fig. 9 where a value of -80 mV was used as a representative for E K (corresponding to 116 mM in [K + ] i ). In each experiment, g K decreased during the application of ACh, and g Cl was sustained in the standard [Cl -] i condition (Fig. 9Aa) . In contrast, both conductances decreased during the application of ACh using pipettes with high-Cl - (Fig. 9Ba) . Using a two-factor ANOVA with repeated measures on one factor, we found significant differences in the time courses between two conductances in both conditions. Thus the average differences and their 95% confidence intervals of each pair of data are plotted (Fig. 9 , Ab and Bb). The differences having the 95% confidence intervals excluding zero were significant.
DISCUSSION
In the present study, a small number of endothelial cells were effectively isolated from an intact sheet of endothelium by applying pressure with a wide-bore micropipette. The number of isolated cells expected to be contained in a preparation was calculated by assuming a value of 100 µm 2 for the membrane area of a single endothelial cell facing the lumen as reported in the guinea pig mesenteric arterioles [14] . When a micropipette with a diameter of 140 µm was used, the total number should be about 150. If peripherally located cells were destroyed by the pipette tip, perhaps half of this number would survive. If the survival rate was taken to be 50%, some 75 electrically coupled cells would remain intact. Because the average input resistance of the isolated segments was 93.5 MΩ, the membrane resistance of a single endothelial cell must be about 7 GΩ; because the average membrane time constant of the preparations was 50.3 ms, the membrane capacitance of a single endothelial cell must be about 7.2 pF.
In the present experiments, the resting membrane potential of the isolated endothelial layers was found to be less negative than -10 mV. Nilius et al. [27] , in a review of the resting membrane potentials and input resistances of cultured endothelial cells, give ranges from -10 to -70 mV and 1 and 5 GΩ, respectively. The resting membrane potentials of cultured bovine [12] and human [28] aortic endothelial cells are distributed in bimodal fashion with peaks around -20 mV and -70 to -80 mV. Voets et al. [29] observed a large scattering of the resting membrane potentials in cultured bovine coronary artery endothelial cells and attributed the variability to a low slope conductance in the region from -70 to 0 mV. They concluded that the membrane potential was mainly dependent on an inwardly rectifying K + current. In contrast, the present study suggests that NSCCs provide the major resting membrane conductance in intact endothelial cells. Although an inwardly rectifying K + current was present, it was much smaller than the NSCC current. In the guinea pig mesenteric arterioles, when the smooth muscle and endothelial layers are in close apposition, the resting membrane potentials of both cells are quite similar, being around -50 mV, with the smooth muscle cells slightly more negative than the endothelial cells [30] . Because the input resistance of the endothelial cells is relatively high, only a small current flow through the myoendothelial gap junctions will maintain the membrane potential of endothelial cells close to that of smooth muscle cells. Once the endothelial cells are polarized, the inwardly rectifying K + current will be activated and will help to maintain the membrane potential at a negative level.
In the present study, the ACh-induced currents were shown to be activated by the increased [Ca 2+ ] i and blocked by a combination of ChTX and apamin, along with several substances that have been shown to block Cl Ca [16] . Thus the ACh-activated channels are most likely IK Ca , SK Ca , and Cl Ca . The combination of ChTX and apamin appeared to block the ACh-induced K + current almost completely because, in the increased [Cl -] i condition, the reversal potential of the residual current in the presence of the toxins was always around 0 mV, which was the expected E Cl . On the other hand, the reversal potential of the residual current in the presence of the Cl Ca blockers varied between preparations and did not seem to properly reflect the E K . This might be because the agents are poor channel blockers even when applied in high concentration, or it might be because of the nonspecific side effects they have been reported to possess [16, 31, 32] .
In the intact tissue, smooth muscle and endothelial layers communicate with one another through the myoendothelial gap junctions. Because the intracellular capacity of the smooth muscle layer is much larger than that of the endothelial layer, it seems likely that the endothelium largely depends on the smooth muscle layer for not only the resting membrane potential, but also the intracellular ionic composition. Because [Cl -] i in the vascular smooth muscle cells was reported to be about 35 mM [20] , [Cl -] i in the endothelial cells should be in the same range, making the E Cl less negative than the resting membrane potential. Under such conditions, an activation of Cl -channels depolarizes the membrane. If ACh-induced hyperpolarization observed in vascular smooth muscle cells was due to electrotonic conduction through the myoendothelial gap junctions [4] , the endothelial IK Ca and SK Ca currents would promote the EDHF phenomenon and the Cl Ca current would restrain it.
In the standard [Cl -] i condition, we showed that the ACh-induced g K started decreasing during the application of ACh, but g Cl was sustained. The significant difference between the time courses of the two conductances provides an explanation of the finding that ACh-induced membrane responses are usually biphasic, a hyperpolarization followed by a depolarization [4, [13] [14] [15] [15, 24, 25] . In the increased [Cl -] i condition, the present study revealed that both g K and g Cl started decreasing during the application of ACh, and this made the ACh-induced hyperpolarization transient. Because both of the Ca 2+ -activated conductances were affected, presumably the ACh-induced increase in the [Ca 2+ ] i had become transient. If this were so, it seems most likely that the secondary influx of Ca 2+ is inhibited in the increased 
